with monocular or binocular eyelid suture develops severe abnormalities in its visual system. These include well-documented effects on the histology (1, 6, 7, 24, 25) and physiology (16) of the lateral geniculate nucleus, on the physiology of the striate cortex (1, 15, 25) , and on the animal's overall visual capabilities (1, 2, 4, 14) .
In contrast to the many studies of deprivation effects on the geniculocortical system of cats, these effects on the superior colliculus have been less completely investigated (cf. ref 20) . Hoffmann (8) provided additional control data for such studies by analyzing the visual afferent,s to the normal cat's col'iiculus. He determined that at least three pathways are involved: 2) the W-direct pathway (which innervates 
Subjects
Five cats which were born and raised in the laboratory were used in this experiment. At 8-12 days of age, each had the lids of both eyes sutured together. Each cat then had both eyes opened at 1 O-l 2 mo of age, immediately prior to the terminal study of the superior colliculus.
Electrophysiological methods We have previously described our methods (8, 9) and will only briefly outline them here. During the recording session, the cats were anesthetized with N ,0/O 2 (60/40), paralyzed with a continuous infusion of Flaxedil (40 mg/h) in saline (6 ml/h), and the corneas were covered with zero-power contact lenses which included a 3-mm-diameter artificial pupil. The eyes were focused with spectacle lenses, if needed, onto a l-m frontal tangent screen.
We recorded extracellular activity of collicular units using either 4 M NaCl-filled micropipettes or tungsten electrodes varnished with In&X. Bipolar stimulating electrodes were placed in the optic chiasm and optic tracts of three of the cats. The remaining two had chiasm electrodes plus three pairs of wire electrodes (l-mm bare tips) inserted 2 mm into the lateral gyrus of visual cortex. The electrodes provided rectangular stimulating pulses of 50-100 + and up to 30 mA.
We determined the afferent input to each collicular neuron by applying Hoffmann's criteria (8) based on the conduction velocity of the retinofugal axons and the neuron's response latency to orthodromic activation from the chiasm. The former allows a determination of whether retinal W-cells or Y-cells are involved, and the latter, discriminations between the Y-direct and Y-indirect pathways. The conduction velocity was based on the cell's response-latency difference between optic chiasm and tract stimulation plus the measured separation of the two electrode pairs. That is: 1) the W-direct pathway has a conduction velocity of less than 15 m/s; 2) the Y-direct pathway has a conduction velocity of greater than 35 m/s and a latency to chiasm stimulation of less than 3 ms; and 3) the Y-indirect pathway has a conduction velocity of greater than 35 m/s and a latency to chiasm stimulation of more than 3 ms (see ref 8 and 9 for details).
We analyzed each collicular cell's receptive field with conventional techniques by moving visual targets across the tangent screen while monitoring the cell's activity and, for some neurons, we used a computer to prepare poststimulus histograms which relate firing rate to stimulus position (9).
RESULTS
We analyzed the properties of 164 superior collicular neurons from five binocularly deprived cats. Control data from normal cats, collected with identical techniques to those used here, are provided for comparison. Much of the control data has been previously published (8, 9) . We found no detectable differences between the effects of deprivation on the 154 cells in the binocular segment of the colliculus and the 10 cells in the monocular segment. Therefore, data below are pooled from both segments.
Electrical stimulation
Stimulating electrodes were placed in the optic chiasm and tract of three of the five deprived cats, and 84 collicular neurons were then studied for afferent input (see MATERIALS AND METHODS). input, and therefore all had identifiable latency patterns to chiasm stimulation. We found in the binocularly deprived cats' colliculi ( Fig. 1B ) that 56 cells (67%) had W-direct input, 2 cells (2%) had Y-direct input, 0 cells (0%) had Y-indirect input, and 26 cells (3 1%) had no identifiable input. This is statistically2 different (P < 0.001) from the normal distribution, and indicates that binocular deprivation produces: I) no change in the W-direct input; 2) a moderate loss of Y-direct input; 3) a severe loss of Y-indirect input; and 4) a concomitant appearance of many neurons with no identifiable input from the optic chiasm.
From the above and previous work (9), we concluded that one substantial result of early visual deprivation is a failure of ). Most or all of the remainder had such long latencies that they were presumably activated
input is functionally' missing in these animals (see above).
Of the eight cells visually driven but unresponsive to cortical shock, only two were driven from the chiasm, at latencies of 8 and 9 ms, respectively.
It is interesting that in the five binocularly deprived cats, 43 of 135 collicular cells (32%) were unresponsive to chiasm shock, but only 8 of 5 1 -( 16%) were unresponsive to cortical shock. In the normal cat, each of 170 cells was driven by chiasm stimulation (ref 8) and only 6 of 30 cells (20%) failed to respond to cortical shock. AND S. M. SHERMAN [ -m--v 
. . K.-P. HOFFMANN AND S. M. SHERMAN in speed selectivity for the deprived cats (P < 0.001).
DISCUSSION
In the five binocularly deprived cats, we found that the population of collicular neurons had several electrophysiological deficits. First, whereas the W-direct pathway seemed normal, the Y-indirect input was entirely missing and the Y-direct input was unusually small. Second, this neuron population displayed receptivefield abnormalities including: 1) an ocular dominance distribution strongly biased toward the contralateral eye; 2) a reduced number of directionally selective cells; 3) few neurons which responded to any but the slowest stimulus speeds; and 4) a class of neurons without detectable responses to visual stimuli.
Site of dejcit in Y-indirect pathway
On the basis of collicular neuronal responses to optic chiasm and tract shock, we determined that the Y-indirect pathway was missing from binocularly deprived cats. This pathway involves the following chain of neurons and synapses: retinal Y-cell to geniculate Y-cell to cortical complex cell (the corticotectal neuron) to collicular cell (see introduction and ref 8). Since the optic tract in these cats has the normal complement of Y-cells (17), the deficit in the Y-indirect pathway must occur central to this structure. Furthermore, the corticotectal limb of the pathway seemed grossly normal since collicular neurons in deprived cats were activated in a normal fashion by electrical stimulation to cortex (of course, this does not rule out potentially major corticotectal abnormalities which were not tested). Therefore, the major deficit may occur between the optic tract and cortex. The simplest explanation is that the defect in the Y-indirect pathway in binocularly deprived cats is a consequence of the loss of geniculate Y-cells (16) We emphasize the speculative nature of the above conclusion and, in fact, note at least one incongruity. In these deprived cats, no Y-indirect pathway was detected, yet about one-fifth of the geniculate Y-cells survived deprivation Lesions of visual cortex produce a shift in the ocular-dominance distribution of the collicular neurons in favor of the contralateral eye, and this shift closely resembles that seen in binocularly deprived cats (12, 20, 22) . Likewise, the proportion of directionally selective collicular neurons is roughly 60% in normal cats, but only 10% and IS%, respectively, in decorticate and binocularly de- Fig. 6C ). Interestingly, W. Singer (per-prived cats. sonal communication) in a study of area Despite these changes in ocular domi-17 and 18 in normal and binocularly de-nance and proportion of directionally prived cats, found that the deprivation re-selective neurons, decortication produced no obvious shift in neuronal speed sensitivity among collicular neurons. Of 283 neurons in decorticate cats, 40 (14%) responded well to stimulus speeds of over lOO"/s (unpublished data). As can be seen from Fig. 5, this proportion is not significan tly less than normal but is significantly greater than that for binocularly deprived cats (P > 0.05 and P < 0.0 1, respectively). Hoffman (8) concluded that the Y-inputs to colliculus (direct and indirect) provide sensitivity to fast stimuli. The Y-indirect pathway is abolished in the decorticate and deprived cat. However, because the Y-direct input presumably is unaffected by decortication but is reduced by binocular deprivation, sensitivity to fast stimuli is retained more completely for the former than for the latter cat. A similar conclusion obtained after monocular deprivation.
That is, the deprived eye lost Y-indirect input to the colliculus while Y-direct input was unaffected, and a normal proportion of neurons driven by that eye displayed sensitivity to fast stimuli (9).
Similarities between monocularly and binocularly deprived cats
We have previously described deficits among collicular neurons in monocularly deprived cats (9), and it is interesting to compare these deficits to those described in the present account. Three main anomalies were noted for the deprived eye in monocularly reared cats: 1) a severe reduction obtained in the Y-indirect input, while the retinotectal W-and Y-direct pathways seemed normal; 2) fewer neurons were activated by visual stimulation, but among those driven by the deprived eye, more were in the colliculus contralateral than ipsilateral to that eye; and 3) a reduction in the proportion of directionally selective neurons was seen.
These abnormalities also comprise the most obvious collicular deficits in the binocularly deprived cas, a fact which suggests related developmental mechanisms consequent to both types of deprivation. These similarities between cats are obvious in the lack of Y-indirect input and reduced dire sction selectiv ity, but more subtle for ocular domin thev ante.
are In binocularly deprived cats, the dominance of the contralateral eye resembles the dominance of the contralateral over the ipsilateral input following decortication (1% 22), and this presumably obtains from the preponderance of the contralatera1 portion of the retinotectal pathway ( 18). In monocularly deprived cats, the deprived eye has stronger receptive-field input to the contralateral than to the ipsilateral colliculus, and this, too, probably reflects this contralateral retinotectal preponderance ( 18) since retinotectal inputs from the deprived eye seem normal.
Differences between monocularly and binocularly deprived cats
Despite the above similarities, some developmental differences between monocularly and binocularly deprived cats are suggested by certain important differences in their collicular deficits. One difference is that the deficits in the monocularly deprived cat seemed limited to the binocular segment, while after binocular deprivation, the monocular and binocular segments of the colliculus had apparently equal deficits. This difference is most easily explained in terms of the different effects of the two types of deprivation on the lateral geniculate nucleus and striate cortex. Y-cells appear to be functionally missing throughout the geniculate following binocular deprivation, but are missing only from binocular segment of deprived laminae after monocular deprivation ( 16). Many neurons throughout the visual cortex of binocularly deprived cats seem unresponsive (1, 25). However, in monocularly deprived cats, the deprived eye drives few cells in the binocular segment (1, 15, 25) but many in the monocular segment (15).
Another difference between collicular effects of the two forms of deprivation is seen in the neurons' visual responsiveness to varying stimulus speeds. This responsiveness seems normal for cells driven via the deprived eye after monocular deprivation but in binocularly deprived cats, these neurons were generally unresponsive to moderate or high speeds. This receptive-field difference may be related here. Figure  6A shows the normal disposition of' the three collicular inputs.
We have indicated the Y-indirect as the "dominant" input to the colliculus for receptive-field properties since many of these (i.e., binocularity and direction selectivity) depend on corticotectal in tegrity (12, 22 
